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1
DRIVER CIRCUIT

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to a semiconductor device. In
particular, the present invention relates to a semiconductor
device functioning as a driver circuit for driving a power
device for power supply.

2. Description of the Related Art

A power device is an element used to drive a load such as
a motor. The power device can control supply of a large
current to a load to perform the supply intermittently by a
switching operation.

As an example of the power device, a power transistor such
as an insulated gate bipolar transistor (IGBT) can be given.
The power transistor has a large gate capacitance compared to
other transistors.

Driving of the power transistor is controlled by pulse width
modulation (PWM). PWM control is performed in accor-
dance with a PWM signal output from a microcomputer or the
like. The voltage of the PWM signal is too low to directly
drive the power transistor having a large gate capacitance.
Therefore, the PWM signal needs to be converted into a
high-voltage signal and supplied to the power transistor.

A driver circuit for converting the PWM signal to a high-
voltage signal includes a transistor including silicon. For
example, Patent Document 1 discloses a structure of a semi-
conductor device in which an n-channel transistor and a
p-channel transistor are provided over a silicon substrate and
the on/off state of IGBT is controlled.

REFERENCE
Patent Document

[Patent Document 1] Japanese Published Patent Applica-
tion No. 2004-328329

SUMMARY OF THE INVENTION

As described above, the semiconductor device disclosed in
Patent Document 1 has the structure in which the n-channel
transistor and the p-channel transistor, which are transistors
including silicon, are used for the driver circuit for converting
a PWM signal to a high-voltage signal.

In the case where the driver circuit is configured by
complementary transistors, the number of photomasks to
separately form an n-channel transistor and a p-channel tran-
sistor is increased. Therefore, the manufacturing cost is
increased. In order to suppress such an increase in manufac-
turing cost, it is possible to configure the complementary
transistors of the driver circuit by transistors having the same
conductivity type.

In the case of configuring the driver circuit for converting a
PWM signal into a high-voltage signal by the transistors
having the same conductivity type, the dielectric breakdown
of the transistors might occur because of a high voltage used
to convert the signal. When the transistor is damaged, mal-
function of the driver circuit including the transistor occurs.

Thus, according to one embodiment of the present inven-
tion, it is an object to prevent malfunction of a power device.
Another object of one embodiment of the present invention is
to reduce an increase in manufacturing cost.

Note that the description of a plurality of objects does not
mutually preclude the existence. One embodiment of the
present invention does not necessarily achieve all the objects.
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Objects other than those listed above are apparent from the
description of the specification, drawings, and claims, and
also such objects could be one embodiment of the present
invention.

According to one embodiment of the present invention, in
a semiconductor device which serves as a driver circuit for
driving a power device for power supply, a buffer circuit and
a level-shift circuit are configured by transistors having the
same conductivity type. Furthermore, according to one
embodiment of the present invention, a capacitor is provided
in the level-shift circuit, and a signal to be boosted is supplied
to the capacitor and is boosted using capacitive coupling of
the capacitor.

In the structure of one embodiment of the present inven-
tion, transistors having the same conductivity type can be
used as the transistors provided in the driver circuit for driving
the power device for power supply. Furthermore, as the struc-
ture of one embodiment of the present invention, the follow-
ing structure can be employed: the signal is boosted in such a
manner that, in the level-shift circuit, a capacitor is provided
between a wiring for supplying a low power source potential
and a wiring for supplying a potential to boost the signal so
that a power transistor can be driven.

One embodiment of the present invention is a semiconduc-
tor device including a first buffer circuit that converts a first
signal into a second signal, a level-shift circuit that converts
the second signal into a third signal, a second buffer circuit
that converts the third signal into a fourth signal, and a third
buffer circuit that outputs a first potential or a second potential
in accordance with the fourth signal. Transistors of the level-
shift circuit, the first buffer circuit, the second buffer circuit,
and the third buffer circuit are transistors having the same
conductivity type. The second signal is supplied to a capacitor
of' the level-shift circuit and converted into the third signal by
capacitive coupling.

Another embodiment of the present invention is preferably
the semiconductor device in which the first buffer circuit
converts the first signal into the second signal having a poten-
tial higher than a potential of the first signal, and in which the
second buffer circuit converts the third signal into the fourth
signal having a potential higher than a potential of the third
signal.

Another embodiment of the present invention is preferably
the semiconductor device in which the level-shift circuit con-
verts the second signal into the third signal having a potential
higher than a potential of the second signal.

Another embodiment of the present invention is preferably
the semiconductor device in which a semiconductor layer of
the transistor includes an oxide semiconductor.

Another embodiment of the present invention is preferably
the semiconductor device in which a wiring for supplying a
low power source potential to the first buffer circuit is difter-
ent from a wiring for supplying a low power source potential
to the second buffer circuit and the third buffer circuit.

Another embodiment of the present invention is preferably
the semiconductor device in which the level-shift circuit
includes a first transistor, a second transistor, a first capacitor,
and a second capacitor. A first terminal of the first transistor
and a first terminal of the second transistor are electrically
connected to a wiring for supplying the second potential. One
of electrodes of the first capacitor is electrically connected to
a second terminal of the first transistor and a gate of the
second transistor, and the second buffer circuit. One of elec-
trodes of the second capacitor is electrically connected to a
second terminal of the second transistor, a gate of the first
transistor, and the second buffer circuit. The second signal is
supplied to the other electrode of the first capacitor, and an
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inverted signal of the second signal is supplied to the other
electrode of the second capacitor.

One embodiment of the present invention includes a struc-
ture in which signals are supplied to the capacitors in the
level-shift circuit by the capacitive coupling. With such a
structure, a high voltage is not supplied directly between a
source and a drain of the transistor in the level-shift circuitand
thus dielectric breakdown of the transistor does not occur.
Therefore, a driver circuit for driving a power device can be
operated in a normal state and therefore its malfunction can be
prevented. Furthermore, a shoot-through current can be pre-
vented from flowing through the level-shift circuit, resulting
in low power consumption.

Furthermore, according to the one embodiment of the
present invention, the transistors of the buffer circuit and the
level-shift circuit are transistors having the same conductivity
type. With such a structure, a transistor provided in a driver
circuit for driving a power device for power supply can be
formed with a semiconductor material such as an oxide semi-
conductor, which is superior in terms of stability of electrical
characteristics at a high temperature. Therefore, malfunction
of'the power device can be prevented. Moreover, an increase
in manufacturing cost can be suppressed.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a block diagram showing a structure of a semi-
conductor device.

FIG. 2 is a circuit diagram showing the structure of a
semiconductor device.

FIGS. 3A and 3B are circuit diagrams showing the struc-
ture of a semiconductor device.

FIG. 4 is a timing chart for describing the operation of a
semiconductor device.

FIGS.5A and 5B are a circuit diagram and a block diagram
showing a structure of a semiconductor device.

FIG. 6 is a circuit diagram showing the structure of a
semiconductor device.

FIGS. 7A and 7B are each a cross-sectional view of a
transistor.

FIGS. 8A and 8B are each a cross-sectional view of a
transistor.

FIGS. 9A and 9B are each a cross-sectional view of a
transistor;

FIGS. 10A and 10B are a flow chart illustrating steps of
manufacturing a semiconductor device and a schematic per-
spective view of the semiconductor device.

FIGS. 11A and 11B each illustrate an electronic device
using a semiconductor device.

DETAILED DESCRIPTION OF THE INVENTION

Hereinafter, embodiments will be described with reference
to drawings. However, the embodiments can be implemented
with various modes. It will be readily appreciated by those
skilled in the art that modes and details can be changed in
various ways without departing from the spirit and scope of
the present invention. Thus, the present invention should not
be interpreted as being limited to the following description of
the embodiments. Note that in structures of the present inven-
tion described below, reference numerals denoting the same
portions are used in common in different drawings.

In the reference drawings, the size, the thickness of layers,
or regions may be exaggerated for clarity in some cases.
Therefore, embodiments of the present invention are not lim-
ited to such a scale. Note that drawings are schematic views of
ideal examples, and the embodiments of the present invention
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are not limited to the shape or the value illustrated in the
drawings. For example, variation in signal, voltage, or current
due to noise or a difference in timing can be included.

In this specification and the like, a transistor is an element
having at least three terminals: a gate, a drain, and a source.
The transistor has a channel region between the drain (a drain
terminal, a drain region, or a drain electrode) and the source (a
source terminal, a source region, or a source electrode), and
current can flow through the drain, the channel region, and the
source.

Here, since the source and the drain of the transistor may
change depending on a structure, operating conditions, and
the like of the transistor, it is difficult to define which is a
source or a drain. Thus, it is possible that a portion function-
ing as the source and a portion functioning as the drain are not
called a source and a drain, and that one of the source and the
drain is referred to as a first electrode and the other is referred
to as a second electrode.

Note that in this specification, ordinal numbers such as
“first”, “second”, and “third” are used in order to avoid con-
fusion among components, and thus do not limit the number
of the components.

In this specification, when it is described that “A and B are
connected to each other”, the case where A and B are electri-
cally connected to each other is included in addition to the
case where A and B are directly connected to each other. Here,
the expression “A and B are electrically connected” means the
case where electric signals can be transmitted and received
between A and B when an object having any electric action
exists between A and B.

In this specification, terms for describing arrangement,
such as “over” and “under”, are used for convenience for
describing the positional relation between components with
reference to drawings. Furthermore, the positional relation
between components is changed as appropriate in accordance
with a direction in which each component is described. Thus,
the positional relation is not limited to that described with a
term used in this specification and can be explained with
another term as appropriate depending on the situation.

Note that the layout of circuit blocks in a drawing specifies
the positional relationship for description. Thus, even when a
drawing shows that different functions are achieved in differ-
ent circuit blocks, an actual circuit or region may be config-
ured so that the different functions are achieved in the same
circuit or region. In addition, functions of circuit blocks in
diagrams are specified for description, and even in the case
where one circuit block is illustrated, blocks may be provided
in an actual circuit or region so that processing performed by
one circuit block is performed by a plurality of circuit blocks.

In this specification, voltage often refers to a potential
difference between a given potential and a reference potential
(e.g., a ground potential ). Accordingly, the voltage, the poten-
tial, and the potential difference can also be referred to as a
potential, a voltage, and a voltage difference, respectively.
Note that a voltage refers to a difference between potentials of
two points, and a potential refers to electrostatic energy (elec-
tric potential energy) of a unit electric charge at a given point
in an electrostatic field.

In this specification, the term “parallel” indicates that the
angle formed between two straight lines ranges from —10° to
10°, and accordingly also includes the case where the angle
ranges from —5° to 5°. In addition, the term “perpendicular”
indicates that the angle formed between two straight lines
ranges from 80° to 100°, and accordingly includes the case
where the angle ranges from 85° to 95°.

In this specification, trigonal and rhombohedral crystal
systems are included in a hexagonal crystal system.
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Embodiment 1

In this embodiment, a circuit configuration and operation
of a semiconductor device according to one embodiment of
the invention to be disclosed will be described with reference
to FIG. 1.

Note that a semiconductor device means a circuit having a
semiconductor element (e.g., a transistor or a diode) and a
device having the circuit. The semiconductor device also
means any device that can function by utilizing semiconduc-
tor characteristics. For example, an integrated circuit, a chip
having an integrated circuit, a display device, a light-emitting
device, a lighting device, and an electronic device are all
semiconductor devices.

FIG. 1 is a block diagram of a semiconductor device. A
semiconductor device 100 shown in FIG. 1 includes a buffer
circuit 101 (also referred to as a first buffer circuit and
expressed as 1st Buffer in the drawing), a level-shift circuit
102 (expressed as HV Level Shift in the drawing), a buffer
circuit 103 (also referred to as a second buffer circuit and
expressed as 2nd Buffer in the drawing), and a buffer circuit
104 (also referred to as a third buffer circuit and expressed as
3rd Butffer in the drawing).

In the semiconductor device 100 described in this embodi-
ment, the buffer circuit 101, the buffer circuit 103, the buffer
circuit 104, and the level-shift circuit 102 are configured by
transistors having the same conductivity type. Therefore, the
semiconductor device 100 can be configured by transistors
having the same conductivity.

Furthermore, in the semiconductor device 100, a capacitor
is provided in the level-shift circuit 102, and a signal to be
boosted is supplied to the capacitor and is boosted using
capacitive coupling of the capacitor. With such a structure,
voltage applied between a source and a drain of a transistor in
the level-shift circuit 102 can be made lower than voltage
applied to the capacitor in the level-shift circuit 102, whereby
dielectric breakdown of the transistor can be suppressed.

Next, circuits included in the semiconductor device 100 are
described.

The buffer circuit 101 is a circuit having a function of
boosting a PWM signal output from a microcomputer or the
like to a signal that can operate the level-shift circuit 102
and/or converting the PWM signal into a signal with
improved electric charge supply capability to be output. Sig-
nals input into the buffer circuit 101 are PWM signals output
from the microcomputer or the like through a terminal IN_H
and a terminal IN_L. Signals output from the buffer circuit
101 are signals input into the level-shift circuit 102.

In FIG. 1, the PWM signal output from the microcomputer
orthelike is referred to as a first signal (expressed as 1st signal
in the drawing). Moreover, in FIG. 1, the signal output from
the bufter circuit 101 and input into the level-shift circuit 102
is referred to as a second signal (expressed as 2nd signal in the
drawing). Note that the PWM signals are signals for alter-
nately turning on a transistor 121 and a transistor 122 of the
buffer circuit 104 by being boosted by the buffer circuit 101,
the level-shift circuit 102, and the buffer circuit 103.

Note that although the two signals input from the terminal
IN_H and the terminal IN_L into the buffer circuit 101 are
shown in FIG. 1 as examples of the PWM signal, one embodi-
ment of the present invention is not limited thereto. For
example, three or more PWM signals may be input into the
buffer circuit 101. Note that the two signals input from the
terminal IN_H and the terminal IN_L are preferably inverted
signals of each other.

The level-shift circuit 102 includes a transistor 111, a tran-
sistor 112, a capacitor 113, and a capacitor 114. The transis-
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6

tors 111 and 112 are connected to a wiring supplied with a
voltage V2 for driving a power transistor.

The level-shift circuit 102 is a circuit having a function of
outputting the PWM signal output from the microcomputer or
the like as a signal boosted to drive the power transistor on the
basis of the second signal output from the buffer circuit 101.
The signals input into the level-shift circuit 102 are output
from the buffer circuit 101 and supplied to the capacitors 113
and 114. The signals output from the buffer circuit 101 are
signals input into the level-shift circuit 102.

The second signal is supplied to the capacitors 113 and 114
of the level-shift circuit 102 by capacitive coupling. The
second signal supplied to the level-shift circuit 102 by capaci-
tive coupling is further boosted by the voltage V2 for driving
the power transistor and output to the buffer circuit 103. In
FIG. 1, the signal output from the level-shift circuit 102 and
input into the buffer circuit 103 is referred to as a third signal
(expressed as 3rd signal in the drawing). Note that the second
signal and the third signal are originally the signals supplied
to the terminals IN_H and IN_L,, and two signals are supplied
to two wirings in FIG. 1.

Each of the transistors 111 and 112 is a transistor function-
ing as a switch. Moreover, the transistors 111 and 112 are
transistors having the same conductivity type. As an example,
the transistors 111 and 112 are shown as n-channel transistors
in FIG. 1.

As the operation of the transistors 111 and 112, the tran-
sistor whose gate is connected to the capacitor at an H level is
turned on at the timing when one of the second signals input
into the capacitors 113 and 114 is provided with an H level.
On the other hand, the transistor whose gate is connected to
the capacitor atan L level is turned off at the timing when the
other of the second signals input into the capacitors 113 and
114 is atan L level. For example, when the second signal input
into the capacitor 113 is provided at an H level, the transistor
112 is turned on, whereas when the second signal input into
the capacitor 114 is at an L level, the transistor 111 is turned
off. When the second signal input into the capacitor 113 is at
an L level, the transistor 112 is turned off, whereas when the
second signal input into the capacitor 114 is provided with an
H level, the transistor 111 is turned on.

In a period during which the transistor 111 is on, current
flows from the wiring supplied with the voltage V2 through a
node at which the capacitor 113 connected to one of a source
and a drain of the transistor 111 and the gate of the transistor
112 which is off are connected to each other; accordingly, the
node is charged (first operation).

On the other hand, the transistor 112 operates in an oppo-
site way to the transistor 111. In other word, in a period during
which the transistor 112 is on, current flows from the wiring
supplied with the voltage V2 through a node at which the
capacitor 114 connected to one of a source and a drain of the
transistor 112 and the gate of the transistor 111 which is off
are connected to each other; accordingly, the node is charged
(first operation).

Inthe period during which the transistor 111 is off, the node
at which the capacitor 113 connected to one of the source and
the drain of the transistor 111 and the gate of the transistor 112
are connected to each other is in an electrically floating state.
At this time, the capacitor 113 is provided with an H level.
Accordingly, the potential of the node in an electrically float-
ing state is further raised by the capacitive coupling. A signal
which is boosted by this capacitive coupling is output to the
buffer circuit 103 as the third signal (second operation).

Whereas in the period during which the transistor 112 is
off, the node at which the capacitor 114 connected to one of
the source and the drain of the transistor 112 and the gate of
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the transistor 111 are connected to each other is in an electri-
cally floating state. At this time, the capacitor 114 is provided
with an H level. Accordingly, the potential of the node in an
electrically floating state is further raised by the capacitive
coupling. A signal which is boosted by this capacitive cou-
pling is output to the buffer circuit 103 as the third signal
(second operation).

By repeating the first operation and the second operation
described above, the level-shift circuit 102 can output the
third signal, the boosted second signal.

Note that the capacitors 113 and 114 are preferably ele-
ments whose dielectric breakdown does not occur owing to a
high voltage. It is preferable that electrostatic capacitances of
the capacitors 113 and 114 are 10 times or more as large as the
gate capacitance of the buffer circuit 103. Note thatin the case
where the electrostatic capacitances of the capacitors 113 and
114 are increased, it is preferable that the second signal be
converted into a signal with improved electric charge supply
capability by the buffer circuit 101.

Note that the capacitors 113 and 114 may be provided over
a substrate different from a substrate over which the transis-
tors of the semiconductor device are formed so that the elec-
trostatic capacitances thereof are increased.

The electrostatic capacitance of the capacitor 113 may be
as large as that of the capacitor 114 or may be different
therefrom.

The structure of the level-shift circuit 102 in FIG. 1
includes a structure in which the second signals are supplied
to the capacitors 113 and 114 by the capacitive coupling. With
such a structure, a high voltage is not applied directly between
the source and the drain of each of the transistors 111 and 112
and thus dielectric breakdown of'the transistor does not occur.
Therefore, a driver circuit for driving the power transistor can
be operated in a normal state and therefore its malfunction can
be prevented. Furthermore, a shoot-through current can be
prevented from flowing through the level-shift circuit 102,
resulting in low power consumption.

The buffer circuit 103 is a circuit having a function of
boosting the third signal output from the level-shift circuit
102 to a signal that can operate the fourth buffer circuit 104
and/or converting the third signal into a signal with improved
electric charge supply capability to be output. The signal
input into the buffer circuit 103 is supplied to a gate of a
transistor included in the buffer circuit 103. Signals output
from the buffer circuit 103 are signals input into the buffer
circuit 104.

In FIG. 1, the signal supplied to the gate of the transistor
included in the buffer circuit 103 is referred to as a third
signal. Moreover, in FIG. 1, the signal output from the buffer
circuit 103 and input into the bufter circuit 104 is referred to
as a fourth signal (expressed as 4th signal in the drawing).
Note that the fourth signals are originally the signals supplied
to the terminals IN_H and IN_L, and two signals are supplied
to the two wirings in FIG. 1.

Note that although, in FIG. 1, the buffer circuit 103 is
provided between the level-shift circuit 102 and the buffer
circuit 104, another buffer circuit may be added therebe-
tween. Alternatively, a delay circuit such as a flip-flop may be
added.

The buffer circuit 104 includes the transistor 121 and the
transistor 122. The transistor 121 is connected to a wiring
supplied with a voltage V1 for driving the power transistor.
The transistor 122 is connected to a wiring supplied with a
voltage V2 for driving the power transistor. A signal output
from the buffer circuit 104 is supplied to the power transistor
(not illustrated) provided outside through a terminal OUT.
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Note that the voltage V1 is a voltage for turning on the
power transistor connected to the terminal OUT. The voltage
V2 is a voltage for turning off the power transistor connected
to the terminal OUT. A voltage output from the terminal OUT
to control switching of the power transistor connected to the
terminal OUT is switched between the voltage V1 and the
voltage V2 by the buffer circuit 104 and is output. Note that in
some cases the voltage V1 is referred to as a first voltage and
the voltage V2 is referred to as a second voltage. Each of the
voltage V1 and the voltage V2 is preferably a voltage gener-
ated by being boosted using a bootstrap circuit on the basis of
ahigh power source potential VDD. In the case where each of
the voltage V1 and the voltage V2 is higher than the high
power source potential VDD, each thereof may be a voltage
generated by stepping down the high power source potential
VDD. The voltage V1 and the voltage V2 each may be a
voltage directly applied from the outside. Note that the volt-
age V1 is higher than the voltage V2.

The buffer circuit 104 is a circuit having a function of
outputting the voltage V1 or the voltage V2 for driving the
power transistor on the basis of the fourth signal output from
the buffer circuit 103. The signal input into the buffer circuit
104 is supplied to a gate of the transistor 121 or 122 of the
buffer circuit 104. The signal output from the buffer circuit
104 is a signal for driving the power transistor provided
outside, which is output through the terminal OUT. Note that
as described above, the fourth signals supplied to the gates of
the transistors 121 and 122 are originally the signals supplied
to the terminals IN_H and IN_L. The fourth signal alternately
turns on the transistors 121 and 122. Therefore, the signal
output from the terminal OUT is a signal output by switching
between the voltage V1 and the voltage V2.

The semiconductor device 100 described above includes a
structure in which the signals are supplied to the capacitors
113 and 114 in the level-shift circuit 102 by the capacitive
coupling. With such a structure, a high voltage is not applied
directly between the source and the drain of each of the
transistors 111 and 112 and thus dielectric breakdown of the
transistor does not occur. Therefore, a driver circuit for driv-
ing the power transistor can be operated in a normal state and
therefore its malfunction can be prevented. Furthermore, a
shoot-through current can be prevented from flowing through
the level-shift circuit 102, resulting in low power consump-
tion.

Next, a more specific circuit configuration of the semicon-
ductor device 100 shown in FIG. 1 and an operation thereof
are described with reference to F1G. 2, FIGS. 3A and 3B, FIG.
4, FIGS. 5A and 5B, and FIG. 6.

FIG. 2 illustrates a specific example of the circuit configu-
ration of the block diagram of the semiconductor device
shown in FIG. 1.

The buffer circuit 101 shown in FIG. 2 includes an inverter
circuit 131 and an inverter circuit 132 which serve as buffers
of the PWM signals supplied to the terminal IN_H and the
terminal IN_L. The inverter circuit 131 and the inverter cir-
cuit 132 are supplied with power source voltages by a wiring
supplied with a voltage V3 and a wiring supplied with a
ground potential GND, respectively. Moreover, the inverter
circuits 131 and 132 include transistors having the same
conductivity type as the transistors 111 and 112 included in
the level-shift circuit 102.

Here FIG. 3 A illustrates an example of the circuit configu-
ration of the inverter circuits 131 and 132 each including an
n-channel transistor as the transistor having the same conduc-
tivity type.

The inverter circuit 131 (or the inverter circuit 132) shown
in FIG. 3A includes a transistor 151, a transistor 152, a tran-
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sistor 153, a transistor 154, and a capacitor 155. As well as the
transistors 111 and 112 shown in each of FIG. 1 and FIG. 2,
the transistors 151, 152, 153, and 154 are n-channel transis-
tors.

Note that a voltage V3 is a voltage for boosting the level-
shift circuit 102 by charging and discharging the capacitors
113 and 114 with electric charges. The wiring supplied with
the voltage V3 preferably has high electric charge supply
capability so that the capacitors 113 and 114 can be charged
and discharged with electric charges at high speed. Note that
in some cases the voltage V3 is referred to as a third voltage.
The voltage V3 is preferably a voltage generated by being
boosted using a bootstrap circuit on the basis of a high power
source potential VDD. In the case where the voltage V3 is
higher than the high power source potential VDD, the voltage
V3 may be a voltage generated by stepping down the high
power source potential VDD. The voltage V3 may be a volt-
age directly applied from the outside. Note that the voltage V3
is lower than the voltage V1 and the voltage V2.

One of source and drain terminals of each of the transistors
151 and 152 is connected to the wiring supplied with the
voltage V3. One of source and drain terminals of each of the
transistors 153 and 154 is connected to the wiring supplied
with the ground potential GND. The capacitor 155 is pro-
vided between a gate of the transistor 152 and the other of the
source and drain terminals thereof. The inverter circuit 131
(or the inverter circuit 132) shown in FIG. 3A is a circuit that
can output an inverted signal of the first signal as a second
signal.

Note that the inverter circuits 131 (or the inverter circuits
132) shown in FIG. 3A may be electrically arranged in series
as shown in FIG. 3B so that a second signal in which a logic
value of the first signal is inverted again to the original logic
value can be output.

The structure of the level-shift circuit 102 shown in FIG. 2
is similar to that of the level-shift circuit 102 described with
reference to FIG. 1. FIG. 2 as well as FIG. 1 illustrates the
transistors 111 and 112 of the level-shift circuit 102 as
n-channel transistors.

The buffer circuit 103 shown in FIG. 2 includes a transistor
141, a transistor 142, a transistor 143, and a transistor 144.
The butfer circuit 103 is connected to a wiring supplied with
avoltage V4 and the wiring supplied with the voltage V2. The
buffer circuit 103 outputs signals supplied to the gates of the
transistors 121 and 122 of the buffer circuit 104 as fourth
signals which are switched between the voltage V4 and the
voltage V2 on the basis of the third signals. Note that as well
as the transistors 111 and 112 shown in each of FIG. 1 and
FIG. 2, the transistors 141, 142, 143, and 144 are n-channel
transistors.

Note thatthe voltage V4 is a voltage for further boosting the
third signal so that the transistors 121 and 122 can be certainly
turned on. This boosting is performed to prevent the transis-
tors 121 and 122 from not being certainly turned on in the
case, for example, where the voltages of the third signals
output through the transistors 111 and 112 are reduced by
threshold voltages of the transistors. Note that in some cases
the voltage V4 is referred to as a fourth voltage. The voltage
V4 is preferably a voltage generated by being boosted using a
bootstrap circuit on the basis of a high power source potential
VDD. In the case where the voltage V4 is higher than the high
power source potential VDD, the voltage V4 may be a voltage
generated by stepping down the high power source potential
VDD. The voltage V4 may be a voltage directly applied from
the outside. Note that the voltage V4 is as high as the voltage
V1 or higher than the voltage V1.
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When the PWM signal supplied to the terminal IN_H is
regarded as a PWM signal S_H and the PWM signal supplied
to the terminal IN_L is regarded as a PWM signal S_L, an
output signal supplied to the terminal OUT is regarded as an
output signal S_OUT. The PWM signals S_Hand S_I. and the
output signal S_OUT can be expressed as shown in a timing
chart in FIG. 4. Note that although the PWM signals S_H and
S__ L and the output signal S_OUT are shown with the same
height, the amplitude voltage of the output signal S_OUT is
actually smaller than those of the PWM signals S_Hand S_L..
Note that amplitude potentials of the PWM signals S_H and
S_L correspond to voltages which are boosted by the above-
described buffer circuit 101, level-shift circuit 102, and buffer
circuit 103 and which control the on state and off state of the
transistors 121 and 122 of the buffer circuit 104. Then, in the
semiconductor device 100, the output signal S_OUT for out-
putting either the voltage V1 or the voltage V2 can be output
in accordance with the boosted PWM signals S_H and S_L..

In the structure of the semiconductor device 100 shown in
FIG. 2, the voltage of a wiring for supplying a low power
source potential in the buffer circuit 101 may be different
from the voltage of a wiring for supplying low power source
potentials in the buffer circuits 103 and 104. Specifically, the
voltage of the wiring for supplying the low power source
potential in the buffer circuit 101 can be a ground potential
GND, and the voltage of the wiring for supplying the low
power source potentials in the buffer circuits 103 and 104 can
be a voltage V2. Therefore, malfunction can be reduced that
occurs in the case where current resulting from a reactance
component which is accumulated in the wirings flows
through the terminals IN_H and IN_L supplied with the
PWM signals when such a current flows through the semi-
conductor device 100.

The transistors 111 and 112, the transistors 121 and 122,
the transistors 141 to 144, and the transistors 151 to 154
described with reference to FIG. 2 and FIGS. 3A and 3B are
n-channel transistors. That is, the buffer circuits 101, 103, and
104 and the level-shift circuit 102 of the semiconductor
device can be formed using transistors having the same con-
ductivity type.

In the case where the semiconductor device is configured
by transistors having the same conductivity type, the number
of' photomasks to separately form an n-channel transistor and
ap-channel transistor can be reduced as compared to the case
where the driver circuit is configured by complementary tran-
sistors. Therefore, the manufacturing cost can be reduced
with the structure of the present invention.

In the case of configuring a driver circuit for converting a
PWM signal into a high-voltage signal only by replacing the
transistors for configuring the semiconductor device with
transistors having the same conductivity type, the dielectric
breakdown of the transistors might occur because of a high
voltage used to convert the signal. On the other hand, the
semiconductor device having the structure of this embodi-
ment includes a structure in which the signals are supplied to
the capacitors 113 and 114 in the level-shift circuit 102 by the
capacitive coupling. With such a structure, a high voltage is
not applied directly between the source and the drain of each
of the transistors 111 and 112 and thus dielectric breakdown
of the transistor does not occur. Therefore, a driver circuit for
driving the power transistor can be operated in a normal state
and therefore its malfunction can be prevented.

Moreover, in the semiconductor device having the struc-
ture of this embodiment, the semiconductor device is config-
ured by the transistors having the same conductivity type,
whereby a semiconductor material other than silicon can be
used for semiconductor layers of the transistors. As an



US 9,246,476 B2

11

example, the transistors can be formed using an oxide semi-
conductor for semiconductor layers thereof.

An oxide semiconductor has an energy gap greater than or
equal to 3.0 eV and less than or equal to 3.5 eV. This energy
gap is larger than that of silicon. Accordingly, an oxide semi-
conductor can reduce the number of carriers generated by
thermal excitation to an extremely small amount. Therefore,
characteristics of a transistor including an oxide semiconduc-
tor in a semiconductor layer do not deteriorate even in a
high-temperature environment; thus, a change in electrical
characteristics can be kept small.

Specifically, the oxide semiconductor is preferably a
highly purified oxide semiconductor (purified OS) obtained
by reduction of impurities such as moisture or hydrogen
serving as electron donors (donors) and reduction of oxygen
vacancies. A purified oxide semiconductor is an intrinsic
(i-type) semiconductor or a substantially i-type semiconduc-
tor. For this reason, a transistor having a channel formation
region in a highly purified oxide semiconductor layer has an
extremely low off-state current and is highly reliable in a
high-temperature environment. The transistor including an
oxide semiconductor, which has such characteristics, is pref-
erably used as the transistor used in the semiconductor device
of this embodiment.

The circuits of the above-described semiconductor device
100 are configured by transistors having the same conductiv-
ity type. With such a structure, transistors including an oxide
semiconductor can be used as the transistors for configuring
the semiconductor device 100. Moreover, with such a struc-
ture, the transistors for configuring the semiconductor device
100 can be transistors whose off-state current is extremely
low and reliability in a high-temperature environment is
improved. Therefore, it is possible to prevent malfunctions of
the transistors for configuring the semiconductor device 100
due to a temperature change. Furthermore, limitation on
arrangement of the semiconductor device 100, for example,
in advance, the power transistor and the semiconductor
device are provided separately from each other or a cooling
unit is provided so that the semiconductor device 100 can be
prevented from having a high temperature can be eliminated.

Note that the output terminal OUT of the semiconductor
device 100, the structure of which is shown in FIG. 2, can be
divided into two output terminals, an output terminal OUT_H
and an output terminal OUT_L as shown in FIG. 5A. When
the output terminal is divided into the output terminal
OUT_H and the output terminal OUT_L as shown in FIG.
5A, a shoot-through current flowing between power supply
lines can be reduced.

A simplified block diagram of the semiconductor device
100 in FIG. 5A is shown in FIG. 5B. Note that terminals
shown in FIG. 5B correspond to terminals of the circuits
shown in FIG. 5A, and a terminal VH and a terminal VL
correspond to a terminal supplied with the voltage V3 and a
terminal supplied with a ground potential GND, respectively.

Furthermore, a terminal VpH and a terminal VpL shown in
FIG. 5B are a terminal for supplying the voltage V1 and a
terminal for supplying the voltage V2, respectively. Note that
the voltage V4 may be boosted using a bootstrap circuit on the
basis of the voltage V1.

Next, FIG. 6 illustrates an application example of a semi-
conductor device for driving the power transistor with refer-
ence to the block diagram in FI1G. 5B.

FIG. 6 shows the structure of the low-side driver including
the semiconductor device 100 in FIG. 5A, which includes a
semiconductor device 201A and a semiconductor device
201B. As another structure, FIG. 6 illustrates a control circuit
211 (expressed as Controller in the drawing), photocouplers
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212 and 213, reference voltage generation circuits 214, 215,
and 216, diodes Dil, Di2, and Di3, capacitors Capl, Cap2,
Cap3, and Cap4, and power transistors 221 and 222. Note that
in the circuit diagram shown in FIG. 6, resistors provided on
wirings are elements provided to convert flowing current into
voltage. In the circuit diagram in FIG. 6, a voltage PHV and
a voltage PGND are voltages to be applied to loads (not
shown) connected to the power transistors 221 and 222.

PWM signals output from the control circuit 211 are sup-
plied to the semiconductor devices 201 A and 201B through
the photocouplers 212 and 213, or wirings. As the voltages
V1,V2,and V3, reference voltages VDD1,VDD2, and VDD3
are respectively supplied from the reference voltage genera-
tion circuits 214, 215, and 216 to the semiconductor devices
201A and 201B. Note that as the reference voltages VDD1,
VDD2, and VDD3, the reference voltages VDD1, VDD2, and
VDD3 respectively output from the reference voltage genera-
tion circuits 214, 215, and 216, which are boosted using the
diodes Dil and Di2 and the capacitors Capl and Cap2, are
supplied to the semiconductor devices 201A and 201B.

Note that in the structure of the low-side driver shown in
FIG. 6, the diode Di3 is provided between the terminals VL.
and VpL of the semiconductor device 201 A so that current
flows in both directions. The diode Di3 is an element provided
as needed to cause a short circuit so that a large potential
difference does not occur between the terminals such that
malfunction does not occur in the case where a difference
between voltages applied to the terminals VL and VpL is
largely changed.

In the semiconductor device described above in this
embodiment, the buffer circuits and the level-shift circuit are
configured by transistors having the same conductivity type.
Therefore, the transistors provided in the semiconductor
device can be transistors having the same conductivity type.

Furthermore, in the semiconductor device, the capacitors
are provided in the level-shift circuit, and the signals to be
boosted are supplied to the capacitors and are boosted using
capacitive coupling of the capacitors. With such a structure,
voltage applied between the source and the drain of each of
the transistors in the level-shift circuit can be made lower than
voltage applied to each of the capacitors in the level-shift
circuit, whereby dielectric breakdown of the transistors can
be suppressed.

This embodiment can be implemented in appropriate com-
bination with any of the other embodiments.

Embodiment 2

In this embodiment, an oxide semiconductor that can be
used for the semiconductor layer of the transistor having the
same conductivity type described in the above embodiment
will be described.

An oxide semiconductor used for a channel formation
region in the semiconductor layer of the transistor preferably
contains at least indium (In) or zinc (Zn). In particular, the
oxide semiconductor preferably contains both In and Zn. A
stabilizer for strongly bonding oxygen is preferably con-
tained in addition to In and Zn. As the stabilizer, at least one
of gallium (Ga), tin (Sn), zirconium (Zr), hafnium (Hf), and
aluminum (Al) may be contained.

As another stabilizer, one or plural kinds oflanthanoid such
as lanthanum (La), cerium (Ce), praseodymium (Pr), neody-
mium (Nd), samarium (Sm), europium (Eu), gadolinium
(Gd), terbium (Tb), dysprosium (Dy), holmium (Ho), erbium
(Er), thulium (Tm), ytterbium (Yb), and lutetium (Lu) may be
contained.
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As the oxide semiconductor used for the semiconductor
layer of the transistor, for example, any of the following can
be used: indium oxide, tin oxide, zinc oxide, an In—Zn-based
oxide, a Sn—Zn-based oxide, an Al—Zn-based oxide, a
Zn—Mg-based oxide, a Sn—Mg-based oxide, an In—Mg-
based oxide, an In—Ga-based oxide, an In—Ga—Zn-based
oxide (also referred to as IGZO), an In—Al—Z7n-based

oxide, an In—Sn—Zn-based oxide, a Sn—Ga—Zn-based
oxide, an Al-—Ga—Zn-based oxide, a Sn—Al—Zn-based
oxide, an In—Hf—Zn-based oxide, an In—Zr—Zn-based
oxide, an In—Ti—Zn-based oxide, an In—Sc—Zn-based
oxide, an In—Y—Zn-based oxide, an In—La—Zn-based
oxide, an In—Ce—Zn-based oxide, an In—Pr—Zn-based
oxide, an In—Nd—Zn-based oxide, an In—Sm—~Zn-based
oxide, an In—FEu—Zn-based oxide, an In—Gd—Zn-based

oxide, an In—Tb—Z7n-based oxide, an In—Dy—Z7n-based
oxide, an In—Ho—Zn-based oxide, an In—FEr—Zn-based
oxide, an In—Tm—Zn-based oxide, an In—Yb—Zn-based
oxide, an In—Lu—Zn—Dbased oxide, an In—Sn—Ga—Zn-
based oxide, an In—Hf—Ga—Zn-based oxide, an In—Al—
Ga—Zn-based oxide, an In—Sn—Al—Zn-based oxide, an
In—Sn—Hf—Zn-based oxide, and an In—Hf—Al—Zn-
based oxide.

For example, an In—Ga—Z7n-based oxide in which an
atomic ratio of Into Gaand Znis 1:1:1, 3:1:2, or 2:1:3, or an
oxide whose composition is in the neighborhood of the above
compositions may be used.

When the oxide semiconductor film forming the semicon-
ductor layer contains a large amount of hydrogen, hydrogen
and the oxide semiconductor are bonded to each other, so that
part of hydrogen serves as a donor to cause generation of an
electron which is a carrier. As aresult, the threshold voltage of
the transistor shifts in the negative direction. Therefore, it is
preferable that, after the formation of the oxide semiconduc-
tor film, heat treatment for dehydration be performed to
remove hydrogen or moisture from the oxide semiconductor
film so that the oxide semiconductor film is highly purified to
contain impurities as little as possible.

Note that oxygen in the oxide semiconductor film is also
reduced by the dehydration treatment (dehydrogenation treat-
ment) in some cases. Therefore, it is preferable that oxygen be
added to the oxide semiconductor film to fill oxygen vacan-
cies increased by the dehydration treatment (dehydrogena-
tion treatment). In this specification and the like, supplying
oxygen to an oxide semiconductor film may be expressed as
oxygen adding treatment, or treatment for making the oxygen
content of an oxide semiconductor film be in excess of that of
the stoichiometric composition may be expressed as treat-
ment for making an oxygen-excess state.

In this manner, hydrogen or moisture is removed from the
oxide semiconductor film by the dehydration treatment (de-
hydrogenation treatment) and oxygen vacancies therein are
filled by the oxygen adding treatment, whereby the oxide
semiconductor film can be turned into an i-type (intrinsic) or
substantially i-type (intrinsic) oxide semiconductor film
which is extremely close to an i-type oxide semiconductor
film. Note that “substantially intrinsic” means that the oxide
semiconductor film contains extremely few (close to zero)
carriers derived from a donor and has a carrier density of
lower than or equal to 1x10'7/cm?®, lower than or equal to
1x10'%/cm?, lower than or equal to 1x10"%/cm?, lower than or
equal to 1x10'*cm?, or lower than or equal to 1x10"*/cm?.

Thus, the transistor including an i-type or substantially
i-type oxide semiconductor film can have extremely favor-
able off-state current characteristics. For example, the drain
current at the time when the transistor including an oxide
semiconductor film is in an off state can be less than or equal
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to 1x107'® A, preferably less than or equal to 1x1072" A,
further preferably less than or equal to 1x107>* A at room
temperature (approximately 25° C.); or less than or equal to
1x107*° A, preferably less than or equal to 1x107'® A, further
preferably less than or equal to 1x1072! A at 85° C. Note that
the off state of an n-channel transistor refers to a state where
the gate voltage is sufficiently lower than the threshold volt-
age. Specifically, the transistor is in an off state when the gate
voltage is lower than the threshold voltage by 1 V or more, 2
V or more, or 3V or more.

Next, a structure of an oxide semiconductor is described.

An oxide semiconductor film is classified roughly into a
single-crystal oxide semiconductor film and a non-single-
crystal oxide semiconductor film. The non-single-crystal
oxide semiconductor film includes any of an amorphous
oxide semiconductor film, a microcrystalline oxide semicon-
ductor film, a polycrystalline oxide semiconductor film, a
c-axis aligned crystalline oxide semiconductor (CAAC-OS)
film, and the like.

The amorphous oxide semiconductor film has disordered
atomic arrangement and no crystalline component. A typical
example thereof is an oxide semiconductor film in which no
crystal part exists even in a microscopic region, and the whole
of'the film is amorphous.

The microcrystalline oxide semiconductor film includes a
microcrystal (also referred to as nanocrystal) with a size
greater than or equal to 1 nm and less than 10 nm, for example.
Thus, the microcrystalline oxide semiconductor film has a
higher degree of atomic order than the amorphous oxide
semiconductor film. Hence, the density of defect states of the
microcrystalline oxide semiconductor film is lower than that
of the amorphous oxide semiconductor film.

The CAAC-OS film is one of oxide semiconductor films
including a plurality of crystal parts, and most of the crystal
parts each fit inside a cube whose one side is less than 100 nm.
Thus, there is a case where a crystal part included in the
CAAC-OS film fits inside a cube whose one side is less than
10 nm, less than 5 nm, or less than 3 nm. The density of defect
states of the CAAC-OS film is lower than that of the micro-
crystalline oxide semiconductor film. The CAAC-OS film is
described in detail below.

In a transmission electron microscope (TEM) image of the
CAAC-O0S film, a boundary between crystal parts, that is, a
grain boundary is not clearly observed. Thus, in the CAAC-
OS film, a reduction in electron mobility due to the grain
boundary is less likely to occur.

According to the TEM image of the CAAC-OS film
observed in a direction substantially parallel to a sample
surface (cross-sectional TEM image), metal atoms are
arranged in a layered manner in the crystal parts. Each metal
atom layer has a morphology reflected by a surface over
which the CAAC-OS film is formed (hereinafter, a surface
over which the CAAC-OS film is formed is referred to as a
formation surface) or a top surface of the CAAC-OS film, and
is arranged in parallel to the formation surface or the top
surface of the CAAC-OS film.

On the other hand, according to the TEM image of the
CAAC-OS film observed in a direction substantially perpen-
dicular to the sample surface (plan TEM image), metal atoms
are arranged in a triangular or hexagonal configuration in the
crystal parts. However, there is no regularity of arrangement
of metal atoms between different crystal parts.

From the results of the cross-sectional TEM image and the
plan TEM image, alignment is found in the crystal parts in the
CAAC-OS film.

A CAAC-OS film is subjected to structural analysis with an
X-ray diffraction (XRD) apparatus. For example, when the
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CAAC-OS film including an InGaZnO,, crystal is analyzed by
an out-of-plane method, a peak appears frequently when the
diffraction angle (26) is around 31°. This peak is derived from
the (009) plane of the InGaZnO, crystal, which indicates that
crystals in the CAAC-OS film have c-axis alignment, and that
the c-axes are aligned in a direction substantially perpendicu-
lar to the formation surface or the top surface of the CAAC-
OS film.

On the other hand, when the CAAC-OS film is analyzed by
an in-plane method in which an X-ray enters a sample in a
direction substantially perpendicular to the c-axis, a peak
appears frequently when 26 is around 56°. This peak is
derived from the (110) plane of the InGaZnO, crystal. Here,
analysis (¢ scan) is performed under conditions where the
sample is rotated around a normal vector of a sample surface
as an axis (¢ axis) with 20 fixed at around 56°. In the case
where the sample is a single-crystal oxide semiconductor film
of InGaZnO,, six peaks appear. The six peaks are derived
from crystal planes equivalent to the (110) plane. On the other
hand, in the case of a CAAC-OS film, a peak is not clearly
observed even when ¢ scan is performed with 20 fixed at
around 56°.

According to the above results, in the CAAC-OS film hav-
ing c-axis alignment, while the directions of a-axes and
b-axes are different between crystal parts, the c-axes are
aligned in a direction parallel to a normal vector of a forma-
tion surface or a normal vector of a top surface. Thus, each
metal atom layer arranged in a layered manner observed in the
cross-sectional TEM image corresponds to a plane parallel to
the a-b plane of the crystal.

Note that the crystal part is formed concurrently with depo-
sition of the CAAC-OS film or is formed through crystalliza-
tion treatment such as heat treatment. As described above, the
c-axis of the crystal is aligned in a direction parallel to a
normal vector of a formation surface or a normal vector of a
top surface. Thus, for example, in the case where a shape of
the CAAC-OS film is changed by etching or the like, the
c-axis might not be necessarily parallel to a normal vector of
a formation surface or a normal vector of a top surface of the
CAAC-OS film.

Furthermore, the degree of crystallinity in the CAAC-OS
film is not necessarily uniform. For example, in the case
where crystal growth leading to the CAAC-OS film occurs
from the vicinity of the top surface of the film, the degree of
the crystallinity in the vicinity of the top surface is higher than
that in the vicinity of the formation surface in some cases.
Further, when an impurity is added to the CAAC-OS film, the
crystallinity in a region to which the impurity is added is
changed, and the degree of crystallinity in the CAAC-OS film
varies depending on regions.

Note that when the CAAC-OS film with an InGaZnO,
crystal is analyzed by an out-of-plane method, a peak of 20
may also be observed at around 36°, in addition to the peak of
20 at around 31°. The peak of 20 at around 36° indicates that
a crystal having no c-axis alignment is included in part of the
CAAC-OS film. It is preferable that in the CAAC-OS film, a
peak of 26 appear at around 31° and a peak of 26 do not appear
at around 36°.

With the use of the CAAC-OS film in a transistor, change
in electrical characteristics due to irradiation with visible
light or ultraviolet light is small. Thus, the transistor has high
reliability.

Note that an oxide semiconductor film may be a stacked
film including two or more films of an amorphous oxide
semiconductor film, a microcrystalline oxide semiconductor
film, and a CAAC-OS film, for example.
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This embodiment can be implemented in appropriate com-
bination with any of the other embodiments.

Embodiment 3

In this embodiment, a cross-sectional structure of a tran-
sistor included in a semiconductor device of one embodiment
of'the disclosed invention will be described with reference to
drawings.

FIGS. 7A and 7B, FIGS. 8A and 8B, and FIGS. 9A and 9B
each illustrate an example of part of a cross-sectional struc-
ture of the transistor included in a semiconductor device of
one embodiment of the present invention. Note that in this
embodiment, as the transistor, a transistor whose semicon-
ductor layer is formed using an oxide semiconductor is
formed over a substrate.

Note that a change in electrical characteristics of a transis-
tor including an oxide semiconductor due to the temperature
can be reduced compared to that of a transistor including
silicon. Therefore, even when the semiconductor device is
provided in close contact with IGBT which has a high tem-
perature owing to switching operation, a change in electrical
characteristics can be suppressed and thus malfunction of the
semiconductor device can be reduced.

In FIG. 7A, an n-channel transistor 800 is formed over a
substrate 820. FIG. 7A illustrates a coplanar transistor as an
example.

The transistor 800 includes, over the substrate 820, a semi-
conductor film 830 containing an oxide semiconductor, con-
ductive films 832 and 833 functioning as a source electrode
and a drain electrode over the semiconductor film 830, a gate
insulating film 831 over the semiconductor film 830 and the
conductive films 832 and 833, and a conductive film 834
functioning as a gate electrode that is positioned over the gate
insulating film 831 and overlaps with the semiconductor film
830 between the conductive films 832 and 833.

The substrate 820 may be a glass substrate, a ceramic
substrate, a quartz substrate, a sapphire substrate, or the like.
For example, a single crystal semiconductor substrate or a
polycrystalline semiconductor substrate of silicon, silicon
carbide, or the like; a compound semiconductor substrate of
silicon germanium or the like; an SOI substrate; or the like
can be used.

The conductive films 832, 833, and 834 can be formed
using a metal material such as molybdenum, titanium, tanta-
lum, tungsten, aluminum, copper, chromium, neodymium, or
scandium, or an alloy material containing any of these mate-
rials as a main component. The conductive films 832, 833,
and 834 may each have a single-layer structure or a stacked-
layer structure.

The gate insulating film 831 can be formed using an insu-
lating film containing one or more of aluminum oxide, mag-
nesium oxide, silicon oxide, silicon oxynitride, silicon nitride
oxide, silicon nitride, gallium oxide, germanium oxide,
yttrium oxide, zirconium oxide, lanthanum oxide, neody-
mium oxide, hafnium oxide, and tantalum oxide. The gate
insulating film 831 may be a stack of any of the above mate-
rials.

Note that although FIG. 7A illustrates a coplanar transistor,
a structure of a staggered transistor like a transistor 801 illus-
trated in FIG. 7B may also be employed.

The transistor 801 includes, over the substrate 820, the
conductive films 832 and 833 functioning as a source elec-
trode and a drain electrode, the semiconductor film 830 con-
taining an oxide semiconductor over the conductive films 832
and 833, the gate insulating film 831 over the semiconductor
film 830 and the conductive films 832 and 833, and the con-
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ductive film 834 functioning as a gate electrode that is posi-
tioned over the gate insulating film 831 and overlaps with the
semiconductor film 830 between the conductive films 832
and 833.

The semiconductor film 830 is not limited to a single oxide
semiconductor film and may be a stack including a plurality
of oxide semiconductor films. FIGS. 8A and 8B illustrate
examples of the structure of the transistor 800 in which the
semiconductor film 830 has a three-layer structure.

A transistor 802 illustrated in FIG. 8A includes the semi-
conductor film 830 over the substrate 820 and the like, the
conductive films 832 and 833 electrically connected to the
semiconductor film 830, the gate insulating film 831, and the
conductive film 834 functioning as a gate electrode provided
over the gate insulating film 831 so as to overlap with the
semiconductor film 830.

As the semiconductor film 830 in the transistor 802, oxide
semiconductor layers 830a, 8305, and 830¢ are stacked in this
order from the substrate 820 side.

The oxide semiconductor layers 830a and 830c are each an
oxide film that contains at least one of metal elements con-
tained in the oxide semiconductor layer 83056. The energy at
the bottom of the conduction band of the oxide semiconduc-
tor layers 830a and 830c is closer to a vacuum level than that
of the oxide semiconductor layer 8306 by 0.05 eV or more,
0.07 eV ormore, 0.1 eV ormore, or0.15eV ormore and 2 eV
orless, 1 eVorless,0.5eVorless,or0.4 eV orless. The oxide
semiconductor layer 8305 preferably contains at least indium
to increase carrier mobility.

Note that as in a transistor 803 illustrated in FIG. 8B, the
oxide semiconductor layer 830c¢ overlapping with the gate
insulating film 831 may be partly provided over the conduc-
tive films 832 and 833.

Furthermore, as the structure of a transistor provided over
the substrate 820, a bottom gate transistor as well as the top
gate transistors illustrated in FIGS. 7A and 7B may be
employed. FIG. 9A illustrates an inverted coplanar transistor
as an example.

A transistor 804 includes, over the substrate 820, the con-
ductive film 834 functioning as a gate electrode, the gate
insulating film 831 over the conductive film 834, the conduc-
tive films 832 and 833 that are positioned over the gate insu-
lating film 831 and function as a source electrode and a drain
electrode, and the semiconductor film 830 over the conduc-
tive films 832 and 833.

Note that although FIG. 9A illustrates an inverted coplanar
transistor, a structure of an inverted staggered transistor like a
transistor 805 illustrated in FIG. 9B may also be employed.

The transistor 805 includes, over the substrate 820, the
conductive film 834 functioning as a gate electrode, the gate
insulating film 831 over the conductive film 834, the semi-
conductor film 830 over the gate insulating film 831, and the
conductive films 832 and 833 that are positioned over the
semiconductor film 830 and function as a source electrode
and a drain electrode.

Notethatin FIGS. 7A and 7B, FIGS. 8A and 8B, and FIGS.
9A and 9B, the transistors 800 to 805 each include the con-
ductive film 834 functioning as a gate electrode on at least one
side of the semiconductor film 830; alternatively, the transis-
tors 800 to 805 may include a pair of gate electrodes with the
semiconductor film 830 positioned therebetween.

When the transistors 800 to 805 each include a pair of gate
electrodes with the semiconductor film 830 positioned ther-
ebetween, one of the gate electrodes may be supplied with a
signal for controlling the on/off state, and the other of the gate
electrodes may be supplied with a potential from another
element. In the latter case, potentials with the same level may
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be supplied to the pair of gate electrodes, or a fixed potential
such as a ground potential may be supplied only to the other
of the gate electrodes. By controlling the level of a potential
supplied to the other of the gate electrodes, the threshold
voltages of the transistors 800 to 805 can be controlled.

This embodiment can be implemented in appropriate com-
bination with any of the other embodiments.

Embodiment 4

In this embodiment, application examples of the semicon-
ductor device described in the foregoing embodiment to an
electronic component and to an electronic device including
the electronic component will be described with reference to
FIGS. 10A and 10B and FIGS. 11A and 11B.

FIG. 10A illustrates an example where the semiconductor
device described in the foregoing embodiment is used to
make an electronic component. Note that an electronic com-
ponent is also referred to as a semiconductor package or an IC
package. For the electronic component, there are a variety of
standards and names corresponding to the direction of termi-
nals or the shape of terminals; hence, one example of the
electronic component will be described in this embodiment.

A semiconductor device including the transistors illus-
trated in FIGS. 7A and 7B, FIGS. 8A and 8B, and FIGS. 9A
and 9B of Embodiment 3 undergoes the assembly process
(post-process) and is completed by using a combination of
components detachable to a printed circuit board.

The post-process can be completed through steps shown in
FIG. 10A. Specifically, after an element substrate obtained in
the preceding process is completed (Step S1), a back surface
of the substrate is ground (Step S2). The substrate is thinned
in this step to reduce warpage or the like of the substrate in the
preceding process and to reduce the size of the component
itself.

A dicing step of grinding the back surface of the substrate
to separate the substrate into a plurality of chips is performed.
Then, a die bonding step of individually picking up separate
chips to be mounted on and bonded to a lead frame is per-
formed (Step S3). To bond a chip and a lead frame in the die
bonding step, resin bonding, tape-automated bonding, or the
like is selected as appropriate depending on products. Note
that in the die bonding step, a chip may be mounted on and
bonded to an interposer.

Next, wire bonding for electrically connecting a lead of the
lead frame and an electrode on a chip through a metal wire is
performed (Step S4). As a metal wire, a silver wire or a gold
wire can be used. For wire bonding, ball bonding or wedge
bonding can be employed.

A wire-bonded chip is subjected to a molding step of seal-
ing the chip with an epoxy resin or the like (Step S5). With the
molding step, the inside of the electronic component is filled
with a resin, so that a circuit unit and the wire embedded in the
component can be protected from external mechanical force
and deterioration of characteristics due to moisture or dust
can be reduced.

Subsequently, the lead of the lead frame is plated. Then, the
lead is cut and processed into a predetermined shape (Step
S6). With the plating process, corrosion of the lead can be
prevented, and soldering for mounting the electronic compo-
nent on a printed circuit board in a later step can be performed
with higher reliability.

Next, printing process (marking) is performed on a surface
of'the package (Step S7). Then, through a final test step (Step
S8), the electronic component is completed (Step S9).

The electronic component described above includes the
semiconductor device of the foregoing embodiment; thus, the
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electronic component including the semiconductor device in
which the frequency of malfunction in a high-temperature
environment is reduced and manufacturing cost is reduced
can be obtained. Since the electronic component includes the
semiconductor device in which the frequency of malfunction
in a high-temperature environment is reduced and manufac-
turing cost is reduced, limit of the electronic component on a
usage environment is relieved and the size thereofis reduced.

FIG. 10B is a perspective schematic diagram of a com-
pleted electronic component. FIG. 10B is a perspective sche-
matic diagram of a quad flat package (QFP) as an example of
the electronic component. An electronic component 700
illustrated in FIG. 10B includes a lead 701 and a semicon-
ductor device 703. The electronic component 700 in F1IG. 10B
is, for example, mounted on a printed circuit board 702. A
plurality of electronic components 700 are used in combina-
tion to be electrically connected to each other over the printed
wiring board 702; thus, a board on which the electronic com-
ponents are mounted (a mounted board 704) is completed.
The completed mounted board 704 is provided in an elec-
tronic device or the like.

Next, with reference to FIGS. 11A and 11B, application
examples of the electronic components which are applied to a
driver circuit for driving an inverter, a motor, or the like,
which is provided in a vehicle that is driven with power from
a fixed power supply (e.g., a bicycle), are described.

FIG. 11A illustrates an electric bicycle 1010 as an appli-
cation example. The electric bicycle 1010 obtains power
when current is fed through a motor unit 1011. The electric
bicycle 1010 includes a battery 1012 for supplying current fed
through the motor unit 1011 and a driver circuit 1013 for
driving the motor unit 1011. Note that pedals in FIG. 11A
may be omitted.

A mounted board provided with an electronic component
including the semiconductor device described in the forego-
ing embodiment is incorporated in the driver circuit 1013.
Therefore, an electric bicycle provided with an electronic
component whose limit on a usage environment is relieved
and whose size is reduced is obtained.

FIG. 11B illustrates an electric car 1020 as another appli-
cation example. The electric car 1020 obtains power when
current is fed through a motorunit 1021. The electric car 1020
includes a battery 1022 for supplying current fed through the
motor unit 1021 and a driver circuit 1023 for driving the
motor unit 1021.

A mounted board provided with an electronic component
including the semiconductor device described in the forego-
ing embodiment is incorporated in the driver circuit 1023.
Therefore, an electric car provided with an electronic com-
ponent whose limit on a usage environment is relieved and
whose size is reduced is obtained.

As described above, the electronic device shown in this
embodiment incorporates a mounted board provided with an
electronic component including the semiconductor device
described in any of the foregoing embodiments, thereby
relieving limit of the electronic device on a usage environ-
ment and reducing the size thereof.

This application is based on Japanese Patent Application
Ser. No. 2013-099804 filed with the Japan Patent Office on
May 10, 2013, the entire contents of which are hereby incor-
porated by reference.

What is claimed is:

1. A semiconductor device comprising:

afirst buffer circuit that converts a first signal into a second

signal;

a level-shift circuit that converts the second signal into a

third signal;
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a second buffer circuit that converts the third signal into a

fourth signal; and

a third buffer circuit that outputs a first potential or a second

potential in accordance with the fourth signal,

the third buffer circuit comprising:

a first transistor;
a second transistor; and
an output terminal,

wherein the fourth signal is supplied to a gate of the first

transistor, and an inverted signal of the fourth signal is
supplied to a gate of the second transistor,

wherein a first terminal of the first transistor is electrically

connected to a wiring for supplying the first potential,
and a first terminal of the second transistor is electrically
connected to a wiring for supplying the second potential,

wherein a second terminal of the first transistor and a

second terminal of the second transistor are electrically
connected to the output terminal,
wherein the level-shift circuit, the first buffer circuit, the
second buffer circuit, and the third buffer circuit com-
prise transistors having the same conductivity type, and

wherein the second signal is supplied to a capacitor in the
level-shift circuit and converted into the third signal by
capacitive coupling.

2. The semiconductor device according to claim 1,

wherein a semiconductor layer of each of the transistors

comprises an oxide semiconductor.

3. The semiconductor device according to claim 1, wherein
alow power source potential supplied to the first buffer circuit
is lower than a low power source potential supplied to the
second buffer circuit and a low power source potential sup-
plied to the third buffer circuit.

4. The semiconductor device according to claim 1,

wherein a high power source potential supplied to the first

buffer circuit is different from a high power source
potential supplied to the second buffer circuit and a high
power source potential supplied to the third buffer cir-
cuit.

5. A semiconductor device comprising:

a first buffer circuit that converts a first signal into a second

signal;

a level-shift circuit that converts the second signal into a

third signal;

the level-shift circuit comprising:

a first transistor;

a second transistor;
a first capacitor; and
a second capacitor,

a second buffer circuit that converts the third signal into a

fourth signal;

the second buffer circuit comprising:

a third transistor;

a fourth transistor;

a fifth transistor;

a sixth transistor,

a first output terminal,

a second output terminal, and

a third buffer circuit that outputs a first potential or a second

potential in accordance with the fourth signal,
the third buffer circuit comprising:
a seventh transistor;
an eighth transistor; and
a third output terminal,

wherein a first terminal of the first transistor and a first
terminal of the second transistor are electrically con-
nected to a wiring for supplying the second potential,
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wherein one of the electrodes of the first capacitor is elec-
trically connected to a second terminal of the first tran-
sistor, a gate of the second transistor, and the second
buffer circuit,

wherein one of the electrodes of the second capacitor is
electrically connected to a second terminal of the second
transistor, a gate of the first transistor, and the second
buffer circuit,

wherein the second signal is supplied to the other electrode
ofthe first capacitor, and an inverted signal of the second
signal is supplied to the other electrode of the second
capacitor,

wherein the level-shift circuit, the first buffer circuit, the
second buffer circuit, and the third buffer circuit com-
prise transistors having the same conductivity type,

wherein the third signal is supplied to a gate of the third
transistor and a gate of the sixth transistor and, an
inverted signal of the third signal is supplied to a gate of
the fourth transistor and a gate of the fifth transistor,

wherein a first terminal of the third transistor and a first
terminal of the fourth transistor are electrically con-
nected to a wiring for supplying the first potential, and a
first terminal of the fifth transistor and a first terminal of
the sixth transistor are electrically connected to a wiring
for supplying the second potential,

wherein a second terminal of the third transistor and a
second terminal of the fifth transistor are electrically
connected to the first output terminal,

wherein a second terminal of the fourth transistor and a
second terminal of the sixth transistor are electrically
connected to the second output terminal,

wherein the first output terminal outputs the fourth signal
and the second output terminal outputs an inverted sig-
nal of the fourth signal,

wherein the fourth signal is supplied to a gate of the seventh
transistor, and an inverted signal of the fourth signal is
supplied to a gate of the eighth transistor,

wherein a first terminal of the seventh transistor is electri-
cally connected to a wiring for supplying the first poten-
tial, and a first terminal of the eighth transistor is elec-
trically connected to a wiring for supplying the second
potential, and
wherein a second terminal of the seventh transistor and

a second terminal of the eighth transistor are electri-
cally connected to the third output terminal.

6. The semiconductor device according to claim 5,

wherein a semiconductor layer of each of the transistors
comprises an oxide semiconductor.

7. The semiconductor device according to claim 5,

wherein a low power source potential supplied to the first
buffer circuit is lower than a low power source potential
supplied to the second buffer circuit and a low power
source potential supplied to the third buffer circuit.

8. The semiconductor device according to claim 5,

wherein a high power source potential supplied to the first
buffer circuit is different from a high power source
potential supplied to the second buffer circuit and a high
power source potential supplied to the third buffer cir-
cuit.
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9. A semiconductor device comprising:

a first buffer circuit that converts a first signal into a second
signal;

a level-shift circuit that converts the second signal into a
third signal;

the level-shift circuit comprising:
a first transistor;
a second transistor;
a first capacitor; and
a second capacitor,

a second buffer circuit that converts the third signal into a
fourth signal; and

a third buffer circuit that outputs a first potential or a second
potential in accordance with the fourth signal,

the third buffer circuit comprising:
a third transistor;
a fourth transistor; and
an output terminal,

wherein a first terminal of the first transistor and a first
terminal of the second transistor are electrically con-
nected to a wiring for supplying the second potential,

wherein one of the electrodes of the first capacitor is elec-
trically connected to a second terminal of the first tran-
sistor, a gate of the second transistor, and the second
buffer circuit,

wherein one of the electrodes of the second capacitor is
electrically connected to a second terminal of the second
transistor, a gate of the first transistor, and the second
buffer circuit,

wherein the second signal is supplied to the other electrode
of'the first capacitor, and an inverted signal of the second
signal is supplied to the other electrode of the second
capacitor,

wherein the fourth signal is supplied to a gate of the third
transistor, and an inverted signal of the fourth signal is
supplied to a gate of the fourth transistor,

wherein a first terminal of the third transistor is electrically
connected to a wiring for supplying the first potential,
and a first terminal of the fourth transistor is electrically
connected to a wiring for supplying the second potential,

wherein a second terminal of the third transistor and a
second terminal of the fourth transistor are electrically
connected to the output terminal, and

wherein the level-shift circuit, the first buffer circuit, the
second buffer circuit, and the third buffer circuit com-
prise transistors having the same conductivity type.

10. The semiconductor device according to claim 9,

wherein a semiconductor layer of each of the transistors
comprises an oxide semiconductor.

11. The semiconductor device according to claim 9,

wherein a low power source potential supplied to the first
buffer circuit is lower than a low power source potential
supplied to the second buffer circuit and a low power
source potential supplied to the third buffer circuit.

12. The semiconductor device according to claim 9,

wherein a high power source potential supplied to the first
buffer circuit is different from a high power source
potential supplied to the second buffer circuit and a high
power source potential supplied to the third buffer cir-
cuit.



